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Cyclic peroxides as initiators for the radical polymerization of methyl methacrylate were
proposed. The initial rates, initiation rates, and effective activation energies of polymerization
initiated by cyclic peroxides and cyclic peroxide—1pyridyl2ferrocene systems were deter
mined. The radical yields to the volume upon the thermal decomposition of cyclic peroxides
and their catalytic decomposition in the presence of 1pyridyl2ferrocene were determined.
In combination with 1pyridyl2ferrocene cyclic peroxides form efficient initiating systems
favoring an increase in the polymerization rate, a decrease in the molecular weights, and an
increase in syndiotacticity of the synthesized poly(methyl methacrylate).
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One of the most popular methods for the production of
polymers in industry is radical polymerization often using
peroxides as initiators.1 More than 50% of volumes of
peroxides produced in the world industry are applied for
the production of polymer materials by the radical poly
merization method.2 Numerous monographs, reviews, and
articles devoted to the study of initiating/catalytic systems
based on metalcontaining compounds and traditional per
oxides for radical polymerization were published.1,3—6
We have earlier developed6 efficient initiating systems
based on various azinyl ferrocene derivatives in combina
tion with benzoyl peroxide (BP), which favor an increase
in the initial and overall rates of methyl methacrylate
(MMA) polymerization and a decrease in the synthesis
temperature and effective activation energy of the process.
In addition, it was shown that the proposed initiating sys
tems affect the properties of synthesized poly(methyl
methacrylate) (PMMA), viz., stereoregularity and ther
mal stability.6 The influence of the nature of the ligand
environment of substituted ferrocenes on MMA polymer
ization was established.
The process of MMA polymerization in the presence
of new cyclic peroxides, 3,6dicyclohexyl9,9´dimethyl
1,2,4,5,7,8hexaoxonane (1), 3,6dicyclododecyl9cyclo
hexyl1,2,4,5,7,8hexaoxonane (2), and 3,6dicyclohexyl
9cyclododecyl1,2,4,5,7,8hexaoxonane (3) (first propos
ed as initiators of radical polymerization), in combination
with 1pyridyl2ferrocene (PFc) was studied to extend
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the range of initiators used and to establish the influence of
the nature of the peroxide initiator. The choice of PFc is
caused by its high reactivity in polymerization processes
compared to other heterocyclic ferrocene derivatives studied.6
Experimental
Prior to use methyl methacrylate (Fluka) was distilled two
times under reduced pressure, b.p. 48 С at p = 140 Torr. Cyclic
peroxides7 and PFc (see Ref. 8) were synthesized and purified
according to earlier described procedures. Purity of the used
reagents was monitored by 13С{1H} NMR spectroscopy.
For bulk polymerization, the reaction mixture was poured
into an ampule, the solution was degassed by three freezing—eva
cuation—thawing out cycles to a residual pressure of 1.3 Pa, and
the ampule was sealed off. Then the ampule was placed in a ther
mostat with the temperature (60—90)0.1 С and kept until the
corresponding conversion was achieved. Then the ampule was
cooled and opened. The polymer product formed was dissolved
in acetone and precipitated with a 10—15fold excess of methanol.
Residues of the initiator and a metal complex substance were
removed from the samples using triple reprecipitation. The ki
netics of the process at deep conversions (glycerol was used as
a sealing liquid) was studied by the dilatometric method.9
Molecular weight characteristics of polymers (weight aver
age (Mw) and numerical average (Mn) molecular weights) were
determined by GPC on a Waters GPC 2000 System liquid chro
matograph (THF as an eluent, flow rate 0.5 mL min–1) equipped
with a differential refractometer and columns of the НТ3, НТ4,
and НТ6 type packed with Styragel. The system of columns was
calibrated by polystyrene standards with Mw/Mn  1.2.10
The 1Н NMR spectra of polymer solutions in CDCl3 were
recorded at 25 С on a Bruker АМ500 spectrometer (Germany)
relative to Me4Si as an internal standard. The content of triads
was calculated from the integral height of the signal from the
methyl group (iso, hetero, and syndio at  1.17, 0.98, and
0.79, respectively).11
The radical yields to the volume upon the thermal decompo
sition of peroxide 2 and of peroxide 2 in the presence of PFc
were determined from the consumption of the inhibitor (naph
thol)2 in temperature ranges of 130—180 and 80—130 С, re
spectively. The solvent (5 mL) was placed in a 20mL reactor
equipped with a reflux condenser and a capillary for inert gas
blowing, and a weighed sample of naphthol (2.4•10–2 mol L–1)
was added. The solution was kept for 5 min at the experimental
temperature with continuous blowing with an inert gas, and then
a solution of peroxide (0.4•10–2 mol L–1) was injected. After the
addition of peroxide, samples were taken at certain time inter
vals and analyzed to the content of naphthol. It was shown in
preliminary experiments that no changes in the naphthol con
centration were observed at 180 С for 6 h.
The spectrophotometric determination of naphthol is based
on the crosscoupling of naphthol with diazotized sulfanilic
acid.12,13 The reaction product is an azo compound with a high
molar absorption coefficient. Sulfanilic acid (1.25 g) was dis
solved on heating in 5 М HCl (125 mL), and the solution was
diluted to a volume of 500 mL. A 0.7% solution of NaNO2 (5 mL)
cooled to 5 С and 3—5 droplets of a 1% solution of KBr (to
accelerate the diazotization process) were added to 20 mL of the
obtained solution of sulfanilic acid also cooled to 5 С. The re
agent was stored for 24 h at 0 С.
The studied solution of naphthol (4 L) was added to a sol
ution of NaHCO3 (3 mL), the solution was stirred, and diazo
tized sulfanilic acid (~10 L) was introduced (after the addition,
pН  7). The absorbance of the solution was measured at 480 nm
relative to water after a constant value was attained. The concen
tration of naphthol (mol L–1) was calculated using the formula
[lnH] = AV0/(lV),
where А is the absorbance, V0 is the volume of a solution of
NaHCO3 (3 mL), V is the volume of the sample (4—6 L),
 is the molar absorption coefficient of the azo compound
(21 800 L mol–1 cm–1), and l is the optical length of the cell
(1 cm). The obtained value of  coincides with the literature data:
at рH = 7.1  = 22 000 (see Ref. 12) and 21 800 (see Ref. 13)
L mol–1 cm–1.
The physicochemical characteristics of purified distilled sol
vents (acetone, THF, deuterated chloroform, and methanol), as
well as glycerol used as a sealing liquid, corresponded to the
literature data.14
Results and Discussion
The polymerization of MMA was studied in the pres
ence of cyclic peroxides only for a correct comparison of
the influence of the initiating systems PFc—cyclic per
oxide. It was found that used peroxides 1—3 make it pos
sible to conduct polymerization in high yields with retention
of relatively high rates of the process (Fig. 1). The opti
mum temperature for PMMA synthesis initiated by cyclic
peroxides is 80 С. The data in Fig. 1 show that peroxide 1
is the most active among the peroxides obtained, which
can be due to specific features of its structure. Molecules 2
and 3 have more bulky cyclododecyl substituents than 1
containing cyclohexyl fragments in the structure.
The study of the dependence of the overall polymer
ization rate on the concentration of cyclic peroxides
showed that the rate of MMA polymerization increases
with an increase in the peroxide concentration in the system
Fig. 1. Conversion (U) vs polymerization time for MMA at 80 С
in the presence of peroxides 1 (1), 2 (2), and 3 (3) and systems
PFc—1 (4), PFc—2 (5), and PFc—3 (6); [1] = [2] = [3] = [PFc] =
= 1.0•10–3 mol L–1.
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from 0.5•10–3 to 3.0•10–3 mol L–1 due to an increase in the
number of free radicals capable of initiating the process.
The introduction of the metal complex additive PFc
into the reaction mixture of MMA polymerization initiat
ed by cyclic peroxides shortens the time of achievement of
the ultimate conversion (see Fig. 1). Evidently, PFc forms
initiating systems with all cyclic peroxides studied, as well
as in the case of using PB as an initiator.6
The introduction of PFc resulted in an increase in the
initial rate of MMA polymerization (W0) initiated by per
oxide 2 in the whole temperature range (60—90 С, Table 1).
It is seen from the tabulated data that W0 increases with an
increase in the additive content (at a fixed concentration
of peroxide 2 equal to 1.0•10–3 mol L–1). The reaction
orders of polymerization with respect to the additive (PFc)
and initiator (2) were 0.5, which is typical of radical poly
merization with bimolecular termination of propagating
chains.9 The initiation rate in the presence of PFc deter
mined at 80 С is by 2.7 times higher than that in the case of
using peroxide 2 only and is equal to 8.4•10–9 mol L–1 s–1.
The ratio of rate constants of chain propagation and ter
mination kpkt
–0.5 in the 2—PFc system is equal to the
value determined in the case of initiating by peroxide 2
only, being 0.1 L0.5 mol–1 s–0.5. The effective activa
tion energy of MMA polymerization in the presence of
PFc calculated from the temperature dependences is
54±4 kJ mol–1, which is by ~1.5 times lower than that
upon the introduction of peroxide 2 only. The decrease in
the effective activation energy indicates the possibility to
carry out polymerization initiated by the 2—PFc system at
relatively lower temperatures of synthesis that in the pres
ence of peroxide 2 only.
The initiating ability of peroxide 2 and 2—PFc system
was also determined by the consumption of the inhibitor.
The kinetic curves of naphthol consumption are de
scribed by the firstorder equation in the whole tempera
ture range studied. The rate constant for radical genera
tion (ki) in the presence of PFc is by ~4 times higher. So,
at 80 C ki = 0.64•10–5 and 2.69•10–5 s–1 for the ther
molysis of peroxide 2 and 2—PFc system, respectively.
The total radical yield to the volume upon the thermal
decomposition of peroxide 2 in the studied temperature
range is nearly quantitative (e  1). In the presence of PFc,
the yield is much lower but increases with the temperature
increase, for instance, e = 0.30 (130 C) and 0.48 (150 C).
It was assumed that ferrocene and BP react to form
iron(II) benzoate, which catalyzes the decomposition of
BP.15 The complex formation of ferrocene and BP was
studied.16 It is also known that tertiary aromatic amines
are activators of polymerization of vinyl monomers and
catalyze the decomposition of peroxide initiators.17 The
study of the systems based on BP and heterocyclic fer
rocene derivatives found the synergetic catalytic effect of
two groups, metallocene and nitrogencontaining, com
bined at the molecular level.6,18 Probably, similar reac
tions can occur between the studied peroxides and PFc.
The molecular weights (MW) of the PMMA samples
based on peroxide 2 are given in Table 2. It is seen from
the tabulated data that the MW of the polymers increase
with an increase in the conversion. The MW of the poly
mers synthesized on the basis of cyclic peroxides are higher
than those when BP and systems based on BP and fer
rocene or its heterocyclic derivatives are used as initia
tors.18 The polydispersion coefficients for PMMA are
2.1—2.6. The molecular weight of PMMA obtained in the
presence of the 2—PFc system decreases compared to the
MW of the samples synthesized in the presence of per
oxide 2 only (see Table 2). The polydispersion coefficients
of the samples do not exceed 2.3. The molecular weight
distribution curves of PMMA synthesized on both initiat
ing systems are unimodal, and they shift to the higher
molecularweight range with an increase in the conversion.
The content of the syndiotactic fragments in the polymer
chain of PMMA in the presence of cyclic peroxides is 55—58%
Table 1. Kinetic parameters for MMA polymerization in the
presence of peroxide 2 and PFc at different temperatures
(Tp) (monomer conversion is 5—7%)
Тp/С [PFc]•103 [2]•103 W0•103
mol L–1
/mol L–1 min–1
60 0 1.0 0.6
0.5 1.0 1.2
1.0 1.0 1.9
2.0 1.0 2.2
75 0 1.0 1.6
0.5 1.0 2.4
1.0 1.0 3.7
2.0 1.0 4.6
1.0 0.5 2.5
1.0 2.0 5.1
90 0 1.0 4.4
0.5 1.0 6.1
1.0 1.0 8.2
2.0 1.0 11.4
Table 2. Molecular weight characteristics of PMMA obtained
in the presence of peroxide 2 and PFc at 80 С vs monomer
conversion; [2] = 1.0•10–3 mol L–1
[PFc]•103 Conver Mw•10
–3 Mn•10
–3 Mw/Mn
/mol L–1 sion (%)
0 10 2790 1340 2.1
20 3420 1400 2.4
40 4310 2060 2.1
60 5540 2140 2.6
80 5640 2520 2.2
1.0 10 2340 1150 2.0
20 2770 1230 2.3
40 3410 1640 2.1
60 3540 1720 2.1
80 3670 1900 1.9
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(Table 3) as in the polymer obtained18 on the basis of BP.
In the presence of PFc, stereoregularity of synthesized
PMMA increases, The content of the syndiotactic frag
ments in the polymer chain increases by 8—9% (see Table 3).
Evidently, the change in the molecular weight charac
teristics and stereochemical composition are caused by
the influence of the metal complex additive on the chain
propagation and termination stages due to the formation
of active centers with the growing macroradical, metal
locene, and monomer.19 The coordination of the polymer
radical and monomer through the metal atom of the com
plexing molecule favors the ordering of monomer addi
tion. At the same time, the complex centers formed can
not participate in the reactions of square chain termina
tion, which makes the termination reaction pseudomono
molecular, most likely, and decreases the MW of the ob
tained polymers. Similar regularities of changing the mo
lecular weight characteristics and stereoregularity are ob
served for MMA polymerization in the presence of hetero
cyclic ferrocene derivatives and BP6,18 and in the presence
of new initiating systems proposed in this work. This as
sumes that the process proceeds, in this case, via analo
gous coordination radical mechanism.
So, the use of cyclic peroxides allows one to carry out
MMA polymerization in the temperature range 60—90 С
in good yields with retention of relatively high rates of the
process. The PMMA samples synthesized using cyclic per
oxides are not inferior in molecular characteristics to the
polymers obtained on the basis of BP traditionally used in
industry and even surpass them in particular parameters.
In particular, the MW increase and the polydispersion
of PMMA decrease, which should improve the exploita
tion characteristics of the polymer products. In com
bination with PFc, cyclic peroxides, as BP,6,18 form initi
ating systems that favor an enhancement of the MMA
polymerization rate, a decrease in the MW of the ob
tained polymers, and an increase in the stereoregularity of
PMMA, which is evidently caused by the influence of the
metallocene derivative at the stages of chain propagation
and termination due to the formation of complex active
sites with the growing macroradical and monomer molecule.
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Table 3. Microstructure of PMMA obtained in the pres
ence of peroxide 2 and PFc at 80 С; [2] =
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[PFc]•103 Conver Content of triads (%)
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Syndio Hetero Iso
0 10 58 37 5
20 55 39 6
40 58 37 5
60 59 36 5
80 58 37 5
1.0 10 66 31 3
20 64 34 2
40 67 29 4
60 67 30 3
80 66 31 3
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